Abstract-Solid-state lasers play a significant role in providing the technology necessary for active remote sensing of the atmosphere. Neodymium-doped yttria (Nd:Y 2 O 3 ) is considered to be an attractive material due to its possible lasing wavelengths of ∼914 and ∼946 nm for ozone profiling. These wavelengths, when frequency tripled, can generate ultraviolet (UV) light at ∼305 and ∼315 nm, which is particularly useful for ozone sensing using differential absorption light detection and ranging (LIDAR) technique. For practical realization of space-based UV transmitter technology, ceramic Nd:Y 2 O 3 material is considered to possess a great potential. A plasma melting and quenching method has been developed to produce Nd 3+ -doped powders for consolidation into Nd:Y 2 O 3 ceramic laser materials. This far-from-equilibrium processing methodology allows higher levels of rare earth doping than can be achieved by equilibrium methods. The method comprises two main steps: 1) plasma melting and quenching to generate dense, and homogeneous doped metastable powders and 2) pressure-assisted consolidation of these powders by hot isostatic pressing to make dense nanocomposite ceramics. Using this process, several 1 in × 1 in ceramic cylinders have been produced. The infrared transmission of a 2-mm-thick undoped Y 2 O 3 ceramic was as high as ∼75% without antireflection coating. In the case of Nd:Y 2 O 3 , ceramics infrared transmission values of ∼50% were achieved for a similar sample thickness. Furthermore, Nd:Y 2 O 3 samples with dopant concentrations of up to ∼2 at.% were prepared without significant emission quenching.
I. INTRODUCTION
N ATIONAL Aeronautics Space Administration (NASA) is actively engaged in the development of space-based active remote sensing missions using light detection and ranging (LI-DAR) techniques. Under the ongoing laser risk reduction program (LRRP), the emphasis is on the development of reliable and robust lasers for LIDAR systems appropriate for spacebased platforms. One of the technical objectives of LRRP is to develop viable 1 µm laser-based all-solid-state UV transmitter technologies generating dual wavelengths around 308 and 320 nm for ozone profiling using differential absorption LI-DAR (DIAL) scheme. Basic design considerations involved several practical orbital and environmental operational conditions. Accordingly, for an operation during strong day light conditions, a highly efficient, single longitudinal mode, conductively cooled, and all-solid-state UV transmitter scheme has been developed. The scheme involves a Nd:YAG pump laser operating at 1064 nm that is coupled to a nonlinear optics arrangement comprising of an optical parametric oscillator (OPO) and a sum frequency generator (SFG) that generates >200 mJ/pulse [1] . In this case, the overall transmitter scheme is relatively complex.
To simplify the UV transmitter architecture, several approaches are being contemplated. One of the approaches that NASA is actively engaged in is the development of novel laser materials that could conveniently provide UV wavelengths. Solid-state tunable lasers based on single crystalline medium have significantly contributed toward the development of technology necessary for active remote sensing of the atmosphere from terrestrial, airborne, and space-based platforms. However, many recent studies on diode-pumped solid-state lasers have focused on polycrystalline ceramic lasers because of the advantages that they have over single crystals in terms of shape, size, ease of fabrication, and control of dopant concentrations [2] - [10] .
Significant strides have been made in the development of ceramic neodymium-doped yttrium aluminum garnet (Nd:YAG) material [2] - [5] . Neodymium-doped yttria (Nd:Y 2 O 3 ) is another material that has attracted considerable attention due to its lasing wavelengths and excellent thermomechanical properties [6] - [11] . an excellent candidate for study toward applications for atmospheric ozone DIAL measurements [11] . The cubic Y 2 O 3 single crystal has several favorable properties such as the refractory nature, stability, and optical clarity over a broad spectral range [5] - [11] . Furthermore, the thermal conductivity and thermal expansion coefficients are very similar to those of YAG. According to certain conservative estimates, the thermal conductivity [12] .Newer studies, however, indicated that the thermal conductivity of undoped Y 2 O 3 is slightly lower than that of YAG [11] .
However, the yttria single crystal has a high melting temperature (2430
• C) and a structural phase transition at 2280 • C. Thus, it is extremely difficult to grow large-sized high-quality yttria single crystals. It is, however, relatively easy to fabricate yttria ceramics because the sintering temperature is about 700
• C lower than the melting temperature.
In recent years, Japanese researchers [2] - [10] have used polycrystalline ceramics as a new type of laser gain media. Ceramic materials can be processed/produced at temperatures that are about two-thirds of their melting points. They can be produced in large sizes, a variety of shapes, and best of all, with dopant concentrations about an order of magnitude higher than those in single crystal materials. In case of a dopant like Yb 3+ , where emission concentration quenching effects are practically absent, it is possible to produce ceramic laser materials with higher concentration to generate efficient lasing. Finally, with the short fabrication time and its amenability to large-scale production, the cost of ceramic laser materials could be much lower than that of traditional laser materials.
Production of ceramic laser materials in the United States is in its initial stages. Most of the optical ceramic activity had been focused at producing transparent window material with superior thermomechanical properties for applications at infrared wavelengths [13] . In recent years, we have made significant progress in producing ceramic laser materials. We have overcome two major challenges in this area: 1) production of transparent ceramic material and 2) achievement of homogeneous rare earth doping. We have successfully produced Nd:Y 2 O 3 with emission characteristics as good as single crystalline material. The uniqueness of our approach is in producing rare-earth-doped ceramic powders using a plasma spray process, followed by consolidation in green body form and subsequent hot isostatic pressing (HIP) of these powders. Rare earth doping in this process is carried out in the far-from-equilibrium regime that results in powder in a metastable state. This powder may have doping levels much higher than via the sintering/diffusion process. Also, as the powder experiences a high temperature during formation, it could be consolidated while retaining these doping levels.
In this paper, we report on the recent progress made in the development of Nd:Y 2 O 3 ceramics as a solid-state laser material primarily for remote-sensing applications of atmospheric ozone [14] . In Section II, the development of ceramic Nd:Y 2 O 3 by a unique processing methodology is presented. The production and characterization of metastable Nd:Y 2 O 3 powder and transparent ceramic disks are discussed in Section III. Further experimental results on the absorption and emission properties of undoped and Nd-doped Y 2 O 3 powders and ceramics are discussed in Section IV.
II. NEODYMIUM DOPED CERAMIC YTTRIA
We have developed a far-from-equilibrium or metastable processing method to enable the production of multiphase nanocomposite ceramics [15] , [16] . The new process integrates two enabling technologies: 1) far-from-equilibrium processing to produce homogeneous metastable powders and 2) HIP to densify these metastable powders, while decomposing them into nanocrystalline or nanocomposite structures. This method overcomes the difficulties inherent in the processing of highsurface-area-powders, where unrestricted grain growth is a serious problem. Moreover, fine-grain multiphase ceramics may show superplastic flow, which improves densification.
In previous works [17] - [21] , we investigated the feasibility of using Nd:Y 2 O 3 composites to produce polycrystalline nanograin ceramic laser material. The overall goal of our collaborative effort is to develop appreciable size ceramic Nd:Y 2 O 3 laser materials with high Nd concentration quenching limits along with an excellent optical quality. We have produced spherical nonagglomerated and monodisperse metastable ceramic powders of undoped Y 2 O 3 and Nd:Y 2 O 3 with 1 at.% and 2 at.% Nd 3+ ions. These powders were consolidated first to form cylinder/disk shape green bodies by a hydraulic press, and then, further densified using HIP to produce the ceramic yttria samples. We have found, in our previous work, that many times the resulting material was translucent. Usually, the translucent nature was a consequence of porosity in the samples. These pores act as scattering centers in the sample and prevent reasonable transmission. Through improved processing techniques, we were able to produce both undoped Y 2 O 3 and Nd:Y 2 O 3 ceramics that were transparent. We briefly describe the production method in the following section. [17] , [18] . To obtain highly transparent materials in a more efficient way, various modifications to this process were carried out [19] - [21] . This procedure yielded highly transparent ceramic samples and is described as follows.
III. ND:Y
2 O 3 SAMPLE PREPARATION Previously, we utilized ceramic Nd:Y 2 O 3 samples using Y 2 O 3 + Nd 2 O 3 powders of required stoichiometry
A. Powder Production
Using the Rutgers plasma process [17] , we can dope the rare earth materials, i.e., neodymium at desired levels. This is because of the high temperatures involved. The experiments described here are conducted using a Sulzer-Metco 9 MB, 80 kW plasma system, and quenching in water.
To further improve the powder's quality, we have produced powder by injection of liquid chemical precursors (yttrium nitrate and neodymium nitrate dissolved in water) into a plasma. This new process uses a reaction tube shown in Fig. 1 . The reaction tube attachment makes provisions for rapid cooling, via expansion through a supersonic nozzle. The residence time and cooling in the plasma can be controlled by injecting extra cooling gas and by inserting an aerodynamic de-Laval nozzle in the reaction tube, which caused nanoparticles to nucleate from the vaporized gas stream. In preliminary trials, yields better than 95% have been obtained. Consolidation experiments on these powders will be described in a later work.
The microstructure and porosity of the samples were evaluated by optical microscopy. The phase composition of the powders and dense samples were analyzed by X-ray diffraction (Fig. 2) . The analysis was carried out in a Siemens D5000 diffractometer, using Cu Kα radiation (40 kV, 30 mA), and JADE (version 7.0) for phase identification.
B. Powder Consolidation
The consolidation process chosen for this experiment is HIP. The powders generated by the aforementioned process can be densified into parts with microstructures that can be controlled by varying the HIP conditions. The HIP schedule can be adjusted, as shown in Fig. 3 , to control the exposure of the metastable powder to maximum temperature and the time required at maximum temperature to achieve full densification. As a result, the structure and porosity of the densified part can be controlled. During the consolidation process, a steel HIP canister with a diameter of 25.4 mm (1 in) and length of 25.4 mm (1 in) was used. The canister was coated with boron nitride and filled with the powders produced. This container was then evacuated, at 300
• C, and e-beam welded. This helps to remove the hydroxides that may have been formed during the powder-production process. Typical HIP schedules used for experiments are illustrated in Fig. 3 , where pressure and temperature measurements taken during the HIP run are shown.
A low-temperature hold enables thermal equilibrium in the material, and a subsequent high-temperature hold ensures a fully dense material. The low-temperature hold and high-temperature hold can be seen in Fig. 3 . Several experiments have been performed to identify the temperature window in which consolidation occurs. However, the starting materials need to be of high purity. For HIP to be effective, uniform starting powder sizes, high starting purities, and a wide processing window is necessary. In the case of undoped Y 2 O 3 , we have achieved transparency higher than that in the case of doped material. This was primarily due to the fact that the size of the dopant powder used was not the same as that of the Y 2 O 3 powder, the densification was affected adversely by the powder size difference.
IV. OPTICAL CHARACTERIZATION
The optical properties of undoped and Nd-doped Y 2 O 3 powders and ceramic disks were determined through transmission, absorption, and emission spectroscopy. The preliminary ceramic samples were translucent in nature, due to compaction/HIP problems. For efficient lasing, the ceramic material needs to be transparent at IR emission wavelengths with good optical quality. In our case, optical quality implies achieving uniform dopant distribution and single phase characteristics, minimal porosity and grain size compatible with emission wavelengths for minimal scattering.
A. Powders
Prior to preparing the transparent ceramic disks, we performed emission studies on powder samples using 800 nm diode laser excitation. As expected, undoped Y 2 O 3 pow- , and ∼ 1300−1450nm( 4 F 3/2 → 4 I 13/2 ) (see Fig. 4 ) [6] , [11] . The linewidth of the emission features was limited by the resolution of the emission setup. As discussed earlier, the lines at 914 and 946 nm are of interest for UV ozone lidar applications. The emission lifetime of the 946 nm line was determined to be ∼140 and ∼80 µs for the 1 and 2 at.% Nd:Y 2 O 3 powder, respectively. The decrease in lifetime with higher Nd concentration is possibly due to concentration quenching. Some improvement of emission lifetime was achieved through annealing studies. For example annealing the 2 at.% Nd:Y 2 O 3 powder at 1200
• C increased the lifetime to ∼190 µs. Overall, the obtained Nd:Y 2 O 3 powders exhibited shorter emission lifetimes than that 'reported for Nd:Y 2 O 3 bulk crystals (∼ 300 µs) [11] . The high-temperature processing of Nd:Y 2 O 3 powders and ceramics most likely reduced the water content in the samples, which results in a reduction of nonradiative decay channels and increased emission lifetime. More detailed studies on the fluorescence quenching mechanisms are still in progress.
B. Ceramics
Ceramic boules of undoped Y 2 O 3 and Nd:Y 2 O 3 (2 at.%) with dimensions of up to 1 in diameter ×1 in length were developed. From these boules, 0.9 in ×1 in ×2 mm slices were cut and polished. Fig. 5(a) shows a photograph of a transparent undoped Y 2 O 3 sample. An example of a transparent Nd:Y 2 O 3 sample used in our measurements is shown in Fig. 5(b) . This figure also shows a translucent sample in the upper left corner for comparison.
The transmission curves of two ceramic samples over a range from 250 to 2000 nm are shown in Fig. 6 . The undoped Y 2 O 3 ceramic exhibited bandedge absorption at ∼250 nm, and an IR transmission as high as ∼75%. Note that the test samples were uncoated, and hence, the Fresnel losses are not accounted for. For Y 2 O 3 , the refractive index n is equal to 1.74 at 2000 nm, which leads to ∼14% Fresnel reflection losses.
The Nd:Y 2 O 3 ceramic sample showed a slightly reduced transmission with values of ∼55% at IR wavelengths. In addition, this sample also revealed characteristic Nd 3+ absorption lines in the visible and near-IR spectral range. A high-resolution absorption spectrum of the ceramic Nd:Y 2 O 3 sample for the range from ∼700 to 900 nm is shown in Fig. 7 . The observed absorption features of Nd 3+ ions are nearly identical to those reported for a single crystal of Nd:Y 2 O 3 [11] .The peak absorption coefficient at ∼821 nm was determined to be ∼6 cm −1 with a linewidth of ∼1 nm.
We then measured the emission spectra and lifetimes of unannealed Nd:Y 2 O 3 consolidated ceramic samples with 2 at.% Nd doping HIPed at 1400
• C [see Fig. 8(a) ]. No significant spectral differences were observed for the emission from Nd:Y 2 O 3 powders and ceramics. It is interesting to note that the lifetime of the Nd:Y 2 O 3 ceramic was more than twice as long as the powder sample [21] [see Fig. 8(b) ]. It appears that the ceramic formation process leads to a reduction of unwanted nonradiative decay losses. In an effort to further improve on the emission lifetime of Nd:Y 2 O 3 ceramics, annealing experiments were carried out. The lifetime increased from ∼230 µs before annealing to ∼310µs after annealing the sample at 1200
• C for 36 h, which is very similar to the reported lifetime of Nd:Y 2 O 3 single crystals [11] . Up to 2 at.%, Nd:Y 2 O 3 samples were prepared and no significant emission concentration quenching was observed. It appears that higher Nd concentrations are possible, which would be important for applications in thin-disk lasers. Thus, we have successfully achieved emission and lifetime characteristics that were comparable to those found in single crystal samples. She is currently the Manager of the Research and Development and a Senior Scientist at Brimrose Corporation. She has an in-depth knowledge of materials preparation and the electrical and optical characterization of crystals. She has worked on the development of binary and ternary II-VI materials for room temperature, mid-infrared tunable lasing, and the development of terahertz imaging systems, and also on the development of solid-state laser materials using ceramic yttria.
